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Background: Limits of stability, defined as the ability to maintain the center of gravity within 
the boundary of the base of support, is critically important for older adults in performing their 
activities of daily living. However, few exercise programs specifically tailored to enhance limits 
of stability exist. The primary purpose of this study was to determine whether a therapeutically 
designed intervention, Tai Ji Quan: Moving for Better Balance (TJQMBB), could improve 
limits of stability in older adults. A secondary purpose was to examine concomitant change in 
limits of stability and physical performance as a result of the intervention. 
Methods: A single-group design was used in which 145 community-dwelling older adults 
(average age: 75 years) were enrolled in TJQMBB classes, participating twice weekly for 
48 weeks. Primaiy outcome measures were three indicators of limits of stability (LOS) (endpoint 
excursion, movement velocity, and directional control), with secondary measures of physical 
performance being Timed Up and Go and 50-foot speed walk (in seconds), which were assessed 
at baseline, 24 weeks, and 48 weeks. Changes in the repeated measures of outcome variables 
were analyzed via latent curve analysis. 

Results: At 48 weeks, a significant rate of change (improvement) over time was observed in 
the three limits of stability indicators (endpoint execution: 8.30% LOS, P<0.001; movement 
velocity: 0.86 degrees/second,P<0.001; directional control: 6.79% of 100, P<0.001); all reached 
a threshold of real change as judged by the minimal detectable change values. Improvements 
in the three limits of stability measures were concomitantly correlated with improved (reduced 
times) performance scores in the Timed Up and Go (-0.30, -0.45, and -0.55, respectively) and 
50-foot walk (-0.33, -0.49, and -0.41, respectively). 

Conclusion: In this single-group study, community-dwelling older adults trained through 
TJQMBB significantly improved their limits of stability, providing preliminaiy support for the 
use of TJQMBB as a therapeutic modality for enhancing functional activities in older adults. 
Keywords: mobility, balance, activities of daily living, exercise, elderly 

Introduction 

In older adults, performance of many habitual daily activities and tasks requires 
moving and controlling the center of gravity (defined as the vertical projection of the 
center of mass) to various positions within the base of support. However, effective 
displacement of the center of gravity during either self-initiated voluntary movements 
or externally triggered perturbations requires the capacity to remain within the limits 
of stability, which is described as the maximum distance a person can intentionally 
displace his or her center of gravity from a midline vertical position in any direction 
without losing balance and stepping or grasping for support.'^ 

Thus, a constricted limits of stability boundary or uncontrolled center of gravity 
movement can impair functional balance of older adults and constrain safe perfor- 
mance of their daily activities such as reaching, bending, walking, gait initiation, 
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and moving from sit-to-stand.^ Cunxnt literature suggests 
that aging is associated with diminished limits of stability 
capacity'"' due to multiple factors, including reduced ankle 
muscle strength'" and poor cutaneous mechanoreceptor 
function in the soles of the feet, thus exposing older adults 
to more instability in fimctional daily activities and a higher 
risk of falling.""'^ 

Therefore, from the perspectives of injury prevention 
and/or clinical rehabilitation of physical function, developing 
exercise intervention strategies that maximize the center of 
gravity sway envelope (ie, the area an individual can move 
his or her center of gravity with control within the base of 
support)" and subsequently expand the limits of stability 
boundary becomes functionally important for improving 
balance and mobility and, critically, for reducing the risk of 
falling among the elderly, which is a significant public health 
problem worldwide.'^ ''* 

Because of its functional significance and implications 
for risk of falling, limits of stability should be integrated 
into exercise balance training programs that target fall pre- 
vention in older adults. However, among the many types of 
group- and evidence-based exercise programs'^"'^ designed to 
prevent falls, few have a specific, tailored focus on integrat- 
ing training elements that would maximize limits of stabil- 
ity. Given that constrained limits of stability can lead to an 
increased propensity to fall in older adults,' " fall prevention 
programs that explicitly integrate therapeutic balance training 
of limits of stability are needed. 

Taking a therapeutic approach, Li et aP"-' developed 
the Tai Ji Quan: Moving for Better Balance (TJQMBB) 
program that specifically includes an element of training on 
limits of stability. Integrating Tai Ji Yin- Yang theory^^ and 
theories of motor control and clinical practice, '-^-^^ TJQMBB 
uses an innovative strategy of embracing a complementary 
interplay between stability and instability (dualities of Yin- 
Yang) during training to achieve balance equilibrium.^" More 
specifically, training focuses on eliciting both reactive and 
anticipatoiy responses to self-induced, deliberately controlled 
and coordinated Tai Ji Quan movements aimed at stimulat- 
ing postural adjustments to progressively increase the sway 
envelope. 

The primary purpose of this study, therefore, was to 
determine whether a year-long training intervention with 
TJQMBB, given its specific focus on training limits of 
sway, could enhance limits of stability among community- 
dwelling older adults. It was hypothesized that TJQMBB 
would enhance indicators of limits of stability. In light of the 
functional significance of the limits of stability, a secondary 



purpose was to examine concomitant changes between lim- 
its of stability and physical performance resulting from the 
intervention. 

Methods 

Study design 

The study design involved a single-group pre- and post- 
intervention with repeated measures, conducted between 
May 2012 and January 2014. 

Participants and procedures 

Participants in this study were a subset of community- 
dwelling older adults recruited for a large community-based 
dissemination project through promotions (newsletters, fly- 
ers, sign-up sheets) at local senior centers in Lane County, 
OR, USA. The research protocol was approved by the Insti- 
tutional Review Board of Oregon Research Institute, and an 
informed consent was obtained from all participants. 

Those who met the following criteria were eligible for 
participation: (1) 65 years of age or over; (2) physically 
mobile (objectively assessed by the ability to walk at least 
one block with or without an assistive device); (3) showing 
no severe cognitive deficits, as defined by the Mini-Mental 
State Evaluation (>23);-'' and (4) having medical clearance 
from a health care provider. Individuals who responded to 
the promotions were subsequently contacted and scheduled 
for an in-office visit where the details of the study were 
explained. Following a consent process, baseline data were 
collected at a research laboratory prior to the beginning of 
the TJQMBB program with follow-ups at 24 and 48 weeks. 
Trained research staff collected demographic and study 
outcome data. 

Intervention 

The TJQMBB program, with the conceptual basis and techni- 
cal detail fully described elsewhere,^" is a balance training 
modality based on applications of Tai Ji Quan with a specific 
focus on training limits of stability and sensory integra- 
tion. Eligible participants participated in a full 60-minute 
TJQMBB class session taught by a trained instructor twice 
per week for 48 consecutive weeks. In terms of the train- 
ing protocol, each session began with Tai Ji Quan-based 
movement warm-up exercises (5-10 minutes), followed by 
teaching and practicing the core components (described in 
the following section) (40-45 minutes), and ending with a 
simple set of breathing exercises (3-5 minutes). 

The training protocol involves a core set of adapted 
"Yang Style"^^ Tai Ji Quan-based forms with built-in 
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practice variations and a subset of mini therapeutic move- 
ments aimed at stimulating and integrating musculoskeletal 
and sensory systems via performance of self-initiated Tai Ji 
Quan movements. Exercise sessions were structured from 
an easy-to-difficult leaming-and-practice progression with 
an emphasis on within-session practice integration of forms, 
variations of the forms, and mini movements. Both seated and 
standing exercises were implemented, with seated exercises 
emphasizing weight shift, trunk rotation, transitioning from 
sit-to-stand and stand-to-sit, and standing exercises focusing 
on the features described in the following section. 

During each session, participants practiced choreo- 
graphed Tai Ji Quan forms/movements (eg. Part Wild Horse's 
Mane) while engaging in controlled circular ankle sways 
(ie, lateral, anterior-posterior, medial-lateral together) that 
moved the center of gravity progressively toward and near 
the edge of the base of support with planted feet; trunk-driven 
rotational (laterally and posteriorly) weight shift; plantar/ 
dorsiflexion during transitioning between moves; reactive 
and proactive (anticipatory) postural adjustments in response 
to self-induced perturbed actions on either "fixed support" 
or "change-in-support";^^ and active and coordinated eye- 
head-hand movements. 

Throughout the training and practice, emphasis was 
placed on (1) an interplay between stability (static move- 
ments) and instability (self-induced movement perturbations) 
in performing each form/move; (2) fiinctional ankle-based 
training by mimicking reaching, tilting, stepping, and turning 
tasks; and (3) a variable approach that stressed practice varia- 
tions in movement speeds, range of joint motion, movement 
directions and patterns, and base of foot support. 

Outcome measures 

The primary outcome was limits of stability, which consisted 
of three indicators: (1) endpoint excursion; (2) movement 
velocity; and (3) directional control, assessed by comput- 
erized dynamic posturography (Balance Master® System; 
NeuroCom®, Clackamas, OR, USA). Endpoint excursion 
assesses the limits of self-initiated movements as participants 
shift or lean their center of gravity toward the theoretical 
limit (100%) in eight prespecified target directions without 
loss of balance (scores expressed as a percentage; % LOS). 
Movement velocity assesses the average speed of the center 
of gravity movement from the center to the eight targets 
(scores expressed as degrees/second). Directional control 
provides a measure of movement accuracy by comparing 
the amount of movement toward the target to the amount 
of extraneous movement (scores expressed as % of 100). 



Higher values in all three indicators indicate better limits 
of stability. Reliability of limits of stability has been estab- 
lished^* or shown in previous studies. ^'-^^ In this study, 
24-week test-retest reliability (correlation) ranged from 
0.52-0.64 (0.57 for endpoint excursion, 0.52 for movement 
velocity, and 0.64 for directional control). 

Secondary measures included physical performance mea- 
sures of the: ( 1 ) Timed Up and Go test^^ and (2) 50-foot speed 
walk, adopted from the Physical Performance Test.^' Timed 
Up and Go measured the time (in seconds) taken to rise 
from a chair, walk 10 feet (3 m), return, and sit down, with 
a lower time indicating better mobility. The 50-foot speed 
walk measured the time (in seconds) it took participants to 
walk as quickly as possible 25 feet out and 25 feet back. The 
6-month test-retest reliability was 0.82 for Timed Up and Go 
and 0.91 for the 50-foot walk test, respectively. 

Data analysis 

Intervention outcomes were analyzed on a sample size of 
145 participants who provided at least two data points (base- 
line, 24-week, and/or 48-week follow-up). Incomplete data 
were handled through the last observation carried forward 
method. Descriptive statistics (mean, standard deviation) 
were performed to describe the study sample characteristics. 
Coefficient of variation was calculated for each variable 
across time as the ratio of standard deviation to the mean, 
multiplied by 1 00. Minimal detectable change (MDC) scores 
were calculated for each of the limits of stability indicators 
to determine whether the change score was at or above the 
minimal level of detectible change. MDC is based on the 
standard error of measurement and calculated at a 95% 
confidence interval (MDC^^) using the formula of: 

Standard error of measurement xVnxl.96, (1) 

where the standard error of measurement is derived from 
the square root of the mean square error term in the repeated 
measures analysis of variance and Vn is the number of mea- 
surements used. 

Intervention effect on the primary and secondary out- 
comes was analyzed via latent growth curve analysis. In the 
latent curve analysis, the primary interest was on the follow- 
ing estimates: (1) slope means on each of three limits of sta- 
bility indicators and (2) a slope-to-slope correlation between 
each of the limits of stability indicators and the two physical 
performance measures. Given the single-group intervention 
design, change at 48 weeks from baseline was estimated for 
the indicators of endpoint excursion and directional control 
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using the pooled estimates from prior studies. ^''^^ Assuming 
an alpha level of 0.05 with 80% power to detect 7% LOS 
points difference in endpoint excursion and 8% of 1 00 points 
in directional control with an anticipated dropout rate of 
30% for the 48-week intervention, a minimal sample size of 
70 participants for the TJQMBB was planned. 

All statistical tests were two-sided, and P<0.05 was 
considered statistically significant. All descriptive analyses 
including MDC scores were performed using SPSS version 
17 (SPSS Inc., Chicago, IL, USA) and Microsoft® Office 
Excel® software for Windows® (Microsoft Corporation, Red- 
mond, WA, USA). Changes in the latent means of the limits 
of stability indicators and correlations of changes between 
limits of stability and physical performance measures were 
performed using Mplus software (v 6; Muthen & Muthen, 
Los Angeles, CA, USA).^" 

Results 

From April 2012 to January 2014, 169 older adults were 
screened. Of these, 151 (89%) were eligible for participa- 
tion. The major reasons for being determined ineligible 
were age (n=13), time conflict (n=3), or significant change 
in health (n=2). In addition, six eligible participants (4%) 
were removed because they attended only one session and 
provided no follow-up data. Thus, the analytic sample size 
in the study was 145. 

Baseline characteristics 

Study population characteristics at baseline are presented 
in Table 1 . The mean age at enrollment was approximately 
75 years, 79% of the participants were women, and approxi- 
mately 92% were Caucasian. In all, 124 participants (85%) 
reported having two or more chronic conditions, 70 (48%) 
were taking two or more prescribed medications, and 
73 (50%) reported having fallen at least once in the previous 
6 months, with about 25% of those having fallen two or more 
times. A total of 98 participants (68%) reported having some 
level of fear of falling. 

Intervention attrition and adherence 

Of the total 145 participants, 21 (14%) dropped out of the 
study during the 48-week intervention period, due primarily 
to reasons such as deterioration in medical conditions (n=14), 
change in health status (n=5), or relocation (n=2). There were, 
however, no significant differences in baseline demographics 
and functional characteristics between the participants who 
completed the intervention and those who dropped out of the 
study (completers: n=124 versus dropouts: n=21). 



Table I Baseline characteristics of participants 



Demographics 


N=145 
Estimate 


Age, mean (standard deviation), years 


75 (7) 


Female sex, n (%) 


1 IS (79) 


White, n (%) 


1 33 (92) 


Education attainment, n (%) 




High school diploma or lower 


43 (30) 


College degree or higher 


102 (70) 


Chronic disease conditions, n (%) 




0 


7(5) 


1 


14 (10) 


>2 


124 (85) 


Number of medications taking, n {%) 




0 


26 (18) 


1 


34 (24) 


2 


36 (25) 


>3 


34 (33) 


Health status, n (%) 




Excellent/very good 


60 (41) 


Good/fair 


84 (58) 


Poor/very poor 


1 (1) 


Falls in past 6 months, n (%) 




0 


72 (49) 


1 


37 (26) 


2 


21 (15) 


3 


9(6) 


>4 


6(4) 


Afraid of falling, n (%) 




No 


47 (32) 


Somewhat 


56 (39) 


Quite a lot/very much 


42 (29) 



The average number of class sessions attended per 
participant for the intervention (a total of 96 sessions) 
was 66 sessions (range: 5-96 sessions; median: 73 ses- 
sions) for the whole sample (N=145, including dropouts 
[n=21]) compared to 73 sessions (range: 28-96 sessions; 
median: 78 sessions) for those who completed the 48-week 
intervention (n=124). The percentage attendance for the 
intervention was 69% (median: 76%) for the whole sample 
(N=145) and 76% (median: 81%) for the completers 
(n=124). 

Change in primary and secondary 
outcomes 

Table 2 provides descriptive statistics (mean, standard 
deviation) for the three primary and two secondary out- 
come variables across the three measurement time points. 
The observed means for each of the three limits of stability 
show a linear improvement over time. Change from baseline 
values were 17.21%) LOS (32%)) for endpoint execution, 
1.71 degrees/second (68%) for movement velocity, and 
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Table 2 Descriptive statistics in the measures of limits of stability and physical performance outcomes over time (48 weeks) 
Outcomes N=M5 



Baseline 24 weeks 48 weeks 



Limits of stability 

Endpoint excursion, % limits of stability S3.80±8.92 (16.58) 64.S9±8.48 (1 3. 1 3) 7 1 . 1 0±8.89 ( 1 2.50) 

Movement velocity, degrees/second 2.5 1 ±0.77 (30.68) 3.37±0.74 (2 1 .95) 4.22±0.9 1 (2 1 .56) 

Directional control, % of 1 00 65.45±8. 16 (1 2.47) 74.78±8. 1 6 ( 1 0.9 1 ) 77.86±8.02 ( 1 0.30) 

Timed Up and Go (seconds) 1 0.72± 1 .76 ( 1 6.42) 9.22±l .86 (20. 1 7) 8.54±l.65 (19.32) 

50-foot speed walk (seconds) I4.99±3.76 (25.08) 1 3.80±3.24 (23.48) 1 2.0 1 ±3.09 (25.73) 



Note: The data represent mean ± standard deviation (coefficient of variation). 



12.41% of 100 (19%) for directional control compared 
to MDCgj values, which were 16.88% LOS for endpoint 
excursion, 1.63 degrees/second for movement velocity, and 
12.14% of 100 for directional control, respectively. Results 
of the latent growth analysis are presented in Table 3, which 
further indicates that there was a significant rate of change 
(as reflected in latent linear slope means) in the indicators 
of endpoint excursion, movement velocity, and directional 
control over the 48-week intervention period. 

Correlations in change between 
primary and secondary outcomes 

The analyses also show a significant small-to-moderate 
negative correlation (indicating improvement) between 
rate of change in each of the limits of stability indicators 
and the two physical performance measures over time 
(Table 3). 

Intervention safety 

There were no significant adverse events attributable to the 
intervention observed during the intervention period. Three 
falls were reported during warm-up sessions, but the partici- 
pants sustained no injuries and continued the classes. 

Discussion 

This is the very first study to evaluate the effect of a specifi- 
cally tailored Tai Ji Quan training program on improving 



limits of stability, an important prerequisite for performing 
many of the functional activities of daily living in older 
adults. The results showed that 48 weeks of TJQMBB 
training significantly improved older adult limits of stabil- 
ity as reflected in increases in the indicators of movement 
excursion, velocity, and control, and that increased limits of 
stability were concomitantly associated with improved physi- 
cal performance. Thus, with no significant adverse events 
during the study period, it appears that the intervention is 
an appropriate one for this at-risk population. 

While cross-sectional studies that showed that older 
adult practitioners of Tai Ji Quan tended to exhibit better 
stability limits compared to nonpractitioners"-^^ provided 
early nonintervention data on the potential of Tai Ji Quan 
to enhance limits of stability, more recent intervention stud- 
ies from the author's group that integrated limits of sway 
training demonstrated the benefit of this focused Tai Ji Quan 
program for improving limits of stability in older adults 
and patients with Parkinson's disease.^''^' In contrast, other 
Tai Ji Quan-based studies, ranging from 4 to 12 months of 
intervention,"-^'' have not shown significant improvements 
in postural stability measures in older adults. The TJQMBB 
program differs from the programs in these other studies in 
a clinically important way in that this approach transforms 
traditional martial arts-based training into a therapeutically 
oriented training paradigm that specifically emphasizes the 
practice of deliberate, voluntarily controlled Tai Ji Quan 



Table 3 Change in the study outcome variables over time and correlations between limits of stability and physical performance 
measures 

Variables N=I45 

Baseline Rate of Correlation with Correlation with 

(intercept") change (slope'') Timed Up and Go" 50-foot speed walk"" 

Endpoint excursion, % limits of stability 54.53* 8.30* —0.30* —0.33* 

Movement velocity, degrees/second 2.51* 0.86* —0 45* —0.49* 

Directional control, % of 100 66.61* 6.79* —0 55* —0 41* 

Notes: *P<O.OOI; ^the value represents the average at baseline; ^the value represents linear change over time; ^these coefficients represent correlations between latent 
variables with measurement error removed. 
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postural actions. These actions include manipulation of 
the center of gravity movements, variations in the base of 
support, and adaptation training with reactive and proactive 
actions to self-induced perturbations, with the purpose of 
increasing the sway envelope and thereby expanding the 
limits of stability, with the ultimate goal of reducing the 
risk of falling. 

Although there are currently no guidelines for gauging 
clinically meaningful change in the measures of limits of 
stability, this 48-week, twice-per-week training schedule 
intervention appears to have provided a substantive change 
over time in the measures used in this study: 32% on 
endpoint excursion, 68% on movement velocity, and 19% 
on directional control. In addition, MDC was demonstrated 
in all three outcomes after the intervention. Improvements in 
these limits of stability indicators support the potential for the 
TJQMBB program to address problems of improper weight 
shifts that are observed in elderly people residing in long- 
term care.^^ Consistent with findings from a cross-sectional 
study,^ the results demonstrate that improved measures on 
limits of stability through this Tai Ji Quan training in older 
adults was sufficiently sensitive to elicit change in clinical 
measures of balance and mobility, suggesting that training 
with TJQMBB offers the potential to improve functional 
activities and activities of daily living, including sit-to-stand, 
walking, turning, and stand- to-sit tasks. 

The author's intervention approach linking martial- 
arts-based Tai Ji Quan to clinical and functional training of 
balance in older adults offers some practical implications. 
From an applied perspective, the training approach used 
in this study can be readily introduced in various settings. 
For example, as an effective balance training modality, 
TJQMBB can be readily adopted in diverse communities 
for the purpose of preventing falls^' " and in health care 
settings to assist patients with balance disorders and fall 
risk problems.^' Uniquely different from all other existing 
Tai Ji Quan-based programs, TJQMBB also has a spe- 
cific, tailored clinical focus in that training incorporates 
therapeutic approaches such as closed and open kinetic 
chain movements;'^ motor control mechanisms through 
manipulation of movement magnitude, speed, direction, 
and base of support; and training of functional activities 
that take into account interactions between individuals, 
tasks at hand, and environmental constraints imposed on 
the tasks. These specific training features thus make the 
program amenable and applicable to clinical training and 
rehabilitation that address neuromuscular and movement 
disorders in patients with balance and gait problems and 



who are at high risk of falls. The clinical relevance of the 
program, therefore, is apparent. 

The mechanism by which the training protocol improves 
the limits of stability indicators in this study was not 
explored and therefore remains unclear. Limits of stability 
is known to be influenced by a number of physiological 
and biomechanical factors,''-^^ including lower extremity 
strength, range of ankle motion, and cutaneous mechano- 
receptors in the feet,^ acting either alone or in combination. 
Through integration of Tai Ji Quan and physical therapy, 
the protocol in this study puts great emphasis on controlled 
weight shifting and ankle movement sway, alternation 
between a narrow stance and a wide stance to continu- 
ally change the base of support, rotational trunk-driven 
movements, and dorsiflexion and plantar flexion during 
movement transitioning. These therapeutically tailored 
training features may have made an impact on important 
sensorimotor elements that contribute to enhanced limits 
of stability. Therefore, it is plausible that improvement 
in the limits of stability performance may be attributed 
to unmeasured improvements in flexion/extension ankle 
torques, the range of ankle motion, movement recovery 
strategies, or sensory integration - features that are inherent 
in TJQMBB training. Some of these mechanisms of action 
may be revealed by evaluating the kinematics of body 
movement or conducting kinetic analysis of these ankle 
swing-based static and dynamic movement exercises, thus 
offering a better understanding of the movement strategies 
and forces contributing to the intervention-induced change 
in limits of stability. 

This study has some limitations. Its design does not 
include a control condition, making it difficult to draw a firm 
conclusion regarding the true intervention effect of TJQMBB 
on limits of stability. Therefore, the results should be corrobo- 
rated by future clinical randomized controlled trials. Given 
the importance of plantarflexor muscle strength in limits of 
stability,*" another limitation is the lack of a measure of ankle 
muscle strength, which precludes the opportunity to examine 
the role of ankle strength in the observed improved limits of 
stability outcomes. Finally, the study used theoretical limits 
of stability values derived from computerized dynamic pos- 
turography that correspond to the maximum range in which 
center of gravity can be moved safely without changing the 
base of support.^* However, the capacity of stability limits 
may vary depending on the task performed;^^ therefore, 
consideration of performance-based or functional limits of 
stability resembling real-world situations may be needed in 
future assessments.^' 
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Conclusion 

The TJQMBB program, a transformed protocol of traditional 
Tai Ji Quan training approaches, was found to improve limits 
of stability in older adults, and the improved limits of stability 
were associated with improved functional performance. 
Within the limitations of the current study, the combined 
results provide promising preliminary data that suggest the 
potential utility of TJQMBB for increasing limits of stability 
in older adults, thereby enhancing ftinctional performance of 
habitual daily activities. 
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